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DETERMINANTS OF BARBERPOLE ILLUSION: 
AN IMPLICATION OF CONSTRAINTS 
FOR MOTION INTEGRATION 
By 
TAKAHIRO K I R I T A (1r.JEHllit-f)1 
(Tolwku University) 
When the grating oriented 45' from the horizontal is moving down to the right and viewed 
through the vertical rectangular aperture, the grating appears to move down along the aperture. 
Since this illusive motion is analogous to the vertical motion of the stripes on a barberpole, it 
can be also referred as the barberpole illusion. From a standpoint of motion integration, it can 
be assumed. that the perceived vertical motion of the barberpole illusion is an outcome of motion 
integration process in the human visual system. In this study, three experiments were conduct-
ed to examine some determinants of this illusion with each three sUbjects: the visibilities of the 
barberpole illusion were measured as a function of the orientation of the aperture, the speed and 
the contrast of the grating. These experiments revealed the fact that the visibility of the 
barberpole illusion declined (1) as the orientation of the aperture increased, (2) as the speed of 
the grating became faster, and (3) as the difference in contrast between the grating and the 
aperture increased. The results were discussed especially in the context of Hildreth's (1984) 
motion integration scheme. 
Key words: motion, barberpole illusion, motion integration, aperture problem, velocity 
field, computational problem 
INTRODUCTION 
In the field of visual motion perception, it has been assumed that no single local 
measurement of a moving object is adequate for determining its true direction and 
speed of motion (Adelson & Movshon, 1982; Fennema & Thompson, 1979; Horn & 
Shcunk, 1981; Marr & Ullman, 1981). This assumption is based, what is called, on 
the aperture problem (Marr & Ullman, 1981; see also Wallach, 1976)2. As a conse-
quence of the aperture problem, several investigators have presumed that only one 
component of true motion vector, a component velocity vector perpendicular to a local 
orientation of a contour, can be obtained at the initial motion measurement. In order 
to recover the true motion velocity, therefore, each local motion information must be 
combined or integrated in some way. 
Recent research has addressed the way of integration of local motion information 
1. Department of Psychology, Faculty of Arts and Letters, Tohoku University, Kawauchi, Sendai, 
980, Japan. 
2. The details of the aperture problem are properly described elsewhere (Adelson & Movshon, 1985). 
Determinants of Barberpole Illusion 45 
and treated it as a computational problem (Fennema & Thompson, 1979; Horn & 
Schunk, 1981; Hildreth, 1984; Nakayama & Silverman, 1988a, b). However, since 
this issue is complex and difficult to be solved, motion integration schemes tend to 
differ among the workers depending on the assumption on the class of motion, and on 
the choice of constraints which allow unique velocity field to be obtained. We shall 
see a couple of important examples below. 
Although no single local motion information is sufficient for the recovery of true 
motion, it can impose useful constraint on the possible motion vectors; they are 
confined to a limited region of the velocity space (Marr & Ullman, 1981). Adelson and 
Movshon (1982) noted that local motion information can constrain the possible motion 
vectors to lie along a straight line - a line orthogonal to the local motion vector (thus 
parallel to a local contour) - in the velocity space. Furthermore they showed that if 
only two constraint lines are derived from differently oriented local contours, then the 
true velocity can be determined by the intersection of these two constraint lines. 
(Similar motion integration scheme has been proposed by Fennema and Thompson 
(1979)). This simple motion integration scheme has received support from perceptual 
demonstration, however, it can predict true motion only for the case of pure transla-
tion. In general, for the case of general motion, consisting of translations, rotations 
and deformations, it makes, if any, little contribution. For the latter class of motion, 
it should be noted that the motion integration scheme requires additional assumptions 
concerning the physical world because of the infinity of two-dimensional velocity fields 
that are consistent with the original image (see Hildreth, 1984). 
Consequently, Horn and Schunck (1981) assumed that, in two-dimension, the true 
velocity field might vary the least among the family of possible velocity fields that are 
consistent with the original image. In order to find this unique velocity field, they 
proposed the smoothness constraint and imposed it over two-dimension of changing 
image. Their scheme yeilds an informative dense velocity field, however, it has been 
pointed out that it has inevitable disadvantage for the case where an object is moving 
against a uniform background: in this case, smoothing extends over outside the area 
of the object, thus assigning erronious velocities beyond the boundaries (Colnelius and 
Kanade, 1986). 
Hildreth (1984) also proposed the smoothness constraint but she imposed it not on 
two-dimension but along the contour of changing image. Her motion measurement 
scheme integrates the initial motion information along the contour in such a way that 
the total variation among initial motion vectors along the contour should be mini-
mized. Formally her motion integration scheme is expressed as minimizing the 
following functional: 
6( V) = fl aV / as 12 ds (1) 
where V is a family of possible velocity vectors along contour, s denotes the arclength 
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and e( V) represents a scalar value proportional to the total variation among V. 
Main advantages of Hildreth's scheme are summarized as follows: (1) it can be 
applied not only to the case of pure translation but also to that of general motion, (2) 
unlike the scheme of Horn and Schunck, it has no problem in dealing with the 
discontinuity in the velocity field since it integrates along but not between contours, 
(3) its predictions agree qualitatively with human motion perception: it can explain 
many perceptual phenomena including the kinetic depth effect, the barberpole illusion 
and the split herringbone illusion (see also Nakayama & Silverman, 1988a, b). 
Problem: Predictions of Hildreth's motion integration scheme agree qualitative-
ly with human motion perception, however, few quantitative experimentations have 
been attempted to examine whether her motion integration scheme is sufficient for 
explaining the motion integration process in human vision; or it requires some 
modification and additional constraints. Thus we attempted to explore this problem 
by investigating a well-known perceptual phenomenon i.e., the barberpole illusion. 
The barberpole illusion refers to the phenomenon that we perceive the vertical 
motion of the stripes on a barberpole while it actually rotates horizontally. Similar 
percept can be obtained, for example, when the grating oriented 45° from the horizon-
tal is moving down to the right and viewed through the vertical rectangular aperture.3 
In this case, remarkable is the fact that different motions to the one side of the grating 
give rise to identical motion i.e., the motion along the aperture. 
From a standpoint of motion integration, it can be assumed that the perceived 
vertical motion of the barberpole illusion is an outcome of motion integration process 
in the human visual system. The barberpole illusion may, therefore, reflect the way 
by which initial motion information is integrated. Considering the barberpole illu-
sion, especially in the context of Hildreth's motion integration scheme, vertical motion 
is always predicted regardless of the variation, for example, in the angle between the 
grating and the aperture. Our preliminary observation, however, showed the ten-
dency that the steeper became the angle between the grating and the aperture, the less 
was the probability of the occurrence of the barberpole illusion. Furthermore there 
was a tendency that this illusion was less visible when low contrast grating was 
presented through the aperture than when high contrast one was presented. These 
observations may lead us to further constraints necessary for her motion integration 
scheme to predict the perceived motion quantitatively. 
For this reason, as mentioned above, we examined the determinants of the 
barberpole illusion by controlling some variables, such as the orientation of the 
aperture, the contrast and the speed of the grating, and attempted to draw additional 
3. This type of observation was first reported by Wallach (1976; see also 1935), so some researchers 
have referred it as "Wallach effect" (Fujii & Noguchi, 1982) or simply as one phenomenon of the 
Wallach experiment (Hildreth, 1984). Adelson and Movshon (1986) treated it as the same to the 
barberpole illusion. The author followed the treatment of Adelson and Movshon because 
underlying mechanisms for two types of perceived vertical motions can be the same whether the 
presentation is an actual barberpole or grating-through-aperture. 
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constraints for the motion integration process. 
EXPERIMENT I 
In this experiment, we tried to confirm our preliminary observations: we mea-
sured the visibilities of the barberpole illusion as a function of the orientation of the 
aperture with different contrasts of the moving gratings as a parameter. 
METHODS 
Apparatus and stimuli: Vertical sine-wave moving gratings were generated on 
the screen of a Tektronix 624 oscilloscope (P31) by using the conventional TV 
techniques. The oscilloscope was placed at a distance of 57.3 cm from the subject's 
eyes. The space-average mean luminance of the display was kept constant at 5 cd/m2 • 
The spatial frequency of the grating was 2 cpd. The grating always moved horizon-
tally to the right with a speed of 2.5" /sec (temporal frequency: 5 Hz). On the face of 
the oscilloscope, there fixed a frame in which a mask card, with its back painted black, 
was inserted. The mask card had a rectangular aperture (2" X 6" in visual angle) in its 
center. Thus the moving grating was presented through this aperture (see Fig. 1). 
One of two experimental variables was the orientation of the aperture from the 
Time sequence of trial 
t. Short buzzer 
r {Warning) 
, Raster , 
(2sec) 
An example of stimuli 
Frame 
Aperture 
{Inspection} 
Moving grating , 
(30sec) 
{Rest} 
Raster 
(30sec) 
n 
Orientation 
Mask Card 
.... ____ LJ 
, 
Fig. 1. The time sequence of the trial and an example of the stimuli (aperture orientation: 
45T 
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horizontal. The orientation was varied from 300 to 600 in 50 steps, therefore, seven 
mask cards, each of which had a differently oriented aperture, were used. The other 
variable was the contrast of the moving grating. The contrast was set at two levels 
i.e., .05 and .5, which was achieved by voltage modulating the Z-axis of the oscillo-
scope. With their heads immobilized by a chin and forehead rest, the subjects 
observed the stimuli binocularly with natural pupiles. The response (cumulative 
reaction time) of the subjects was recorded by a timer connected to the response key. 
Equipment was controlled by a microcomputer (Sharp MZ 2200) 
Procedure: The experiment was carried out in the dark room. The experiment 
was divided into two sessions along the levels of the contrast of the grating, which were 
carried out separately with at least 2 hr inter-session interval. The order of two 
sessions was counterbalanced among the subjects. At the beginning of each session, 
the subjects were dark-adapted for 10 min. And before the experimental trials, 10 
trials, selected randomly from the experimental trials, were presented for practice. 
Time sequence of each trial is shown in Fig. 1. In each trial, a raster of the mean 
luminance first appeared for 2 sec as a warning stimulus. Then the subjects observed 
the moving grating for 30 sec through the one of seven differently oriented apertures. 
In this inspection period, the subjects were instructed to depress the response key as 
long as the grating appeared to move upward along the the aperture (barberpole 
illusion). Although no fixation point was employed, they were also instructed to gaze 
at the central region of the aperture and not to pursuit the motion of the grating in any 
direction. 
To prevent any aftereffect, such as motion aftereffects, the inspection period was 
followed by the rest period, where the moving grating was replaced by the raster of 
mean luminance. The rest period lasted for 30 sec, and during this period, the 
experimenter changed the mask card for the next trial. Note that the time window 
was also signaled by a short buzzer from the microcomputer (Fig. 1). Six measure-
ments (180 sec total inspection time) were made for each stimulus condition in random 
order. After a half of the experimental trials were finished, the subjects rested for 5 
mIn. 
Subjects: One undergraduate and two graduate students of Tohoku University 
participated in this experiment as subjects. 
RESULTS 
The visibility of the barberpole illusion was defined as the percentage of time that 
the subjects depressed the response key during the total inspection period. 
Figure 2 illustrates the visibility of the barberpole illusion as a function of the 
orientation of the aperture with the contrast of the moving grating treated as a 
parameter for three subjects: the leftmost panel shows the data for the subject H.K., 
the middle panel for the subject T.K., and the rightmost panel for the subject H.T. As 
clearly shown in Fig. 2, all subjects presented almost the same tendencies. The 
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Fig. 2. The visibility of the barberpole illusion as a function of the orientation of the aperture 
for three subjects. The filled and open circles represent the data for .5 and .05 contrast 
conditions respectively. The leftmost panel, subject H.K.; the middle panel, subject 
T.K.; the rightmost panel, subject H.T. 
60 
visibility of the barberpole illusion declined monotonically with increases in the 
orientation of the aperture. The levels of contrasts also affected the visibility of this 
illusion: high contrast grating caused higher visibilities than low contrast grating. 
The results are consistent with the subjects' report that, compared with high contrast 
grating, low contrast grating tended to appear more to move in the direction perpen-
dicular to their orientation than to move along the aperture. Note that the visibility 
seemed to decline more rapidly when low contrast grating was used than when high 
contrast grating used. 
To see these tendencies clearly, we calculated overall mean percentages across 
three subjects for each condition. There were good two lines fit to these averaged data 
for contrasts .05 and .5, with regression slopes of -2.38 and -1.57 respectively (r> .99 
for both cases). The difference in regression slopes indicates existence of the interac-
tion of the contrast with the orientation. Specifically speaking, two lines reach the 
maximum (lOO%) exactly when the orientation is 22.05°: two lines intersect at this 
point. This extrapolation predicts that, irrespective of the levels of contrasts, the 
barberpole illusion will be perceived one hundred percent whenever the orientation of 
the aperture is bolow 22°.05. Furthermore zero intercepts of two lines predict that the 
visibility of the barberpole illusion will fall to zero when the orientations are over 
64.02° and 85.66° for low and high contrasts respectively. 
DISCUSSION 
As expected, the results of present experiment showed the effect of the orientation 
of the aperture on the visibilities of the barberpole illusion. The data also revealed 
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the fact that the visibilities were influenced by the contrast of the grating. And these 
two factors seemed to interact somehow. In this discussion, we consider the effect of 
the aperture orientation and the effect of the contrast of the grating will be discussed 
later. 
As to the effect of the aperture orientation, two alternative explanations are 
possible. First one is concerned with the angular relationship between the grating and 
the aperture. Recently, Nakayama and Silverman (1988a) suggested that the angular 
relationship of the local motion vectors was very important for the integration of these 
local vectors. According to their theory and experimental data, when local velocity 
vectors were very close together in a direction, resulting motion became ambiguous: 
physical rigid motion of the sinewave line with small amplitude appeared non-rigid. 
This finding indicates low probability for integrating the local motion vectors under 
the condition that they are very close in a direction. Thus it might be assumed that 
the human visual system utilizes only local velocity vectors that are different, to some 
degree, in a direction. 
Given the assumption above, it is possible that an increase in the orientation of 
the aperture might prevent the global motion integration of local motion vectors 
derived from the grating and the aperture,4 which resulted in the orthogonal motion of 
the grating. This is exactly what the subjects reported. 
Besides the angular relationship between the grating and the aperture, another 
plausible explanation is also possible: the speed of the motion along the aperture. 
Consider the situation that alternative motions are allowable for the human visual 
system. In this situation, it is plausible that the human visual system prefers to the 
motion of slower speed, which permits the analysis of spatial details of the stimulus. 
In other words, it is possible that the motion integration cannot afford the fast motion 
if it functions so as to contribute to the spatial analysis of the moving stimulus. 
In the present experiment, the speed of the motion along the aperture should 
increase with the orientation of the aperture although the physical speed of the grating 
remained constant. In this case, when the difference in speeds of alternative motions 
(orthogonal motion and motion along the aperture) was relatively small, the motion 
integration of the human visual system might overcome its preference to slower 
motion. As the difference increased, however, the preference to slower motion became 
dominant and the motion integration broke down. Consequently, the visibility of the 
barberpole illusion decreased as the orientation of the aperture increased. 
As to the latter assumption, it can be said that if the human visual system can not 
integrate moving stimuli of high speed, the following will be simply predicted: as the 
speed of the grating increases, the barberpole illusion will become less visible. We 
examine this possibility in the next experiment. 
4. The edge of the aperture did not move at all, but it could be though that it did give rise to the 
motion vectors whose scalar value was zero. These local motion vectors derived from the 
aperture could play an important role in the motion integration process. 
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EXPERIMENT II 
METHODS 
Apparatus, stimuli and procedure: the equipment and experimental procedure 
were basically the same as those of the experiment I with exceptions that the exper-
imental variable was the speed of the grating and other variables were kept constant 
through this experiment. The speed of the grating was set at three levels: 2.50 , 5.00 
and 7.5°/sec. The orientation of the aperture was fixed at 450 and the contrast of the 
grating was .5. 
After ten practice trials, six measurements were made for each 
condition in random order. Three graduate students served as SUbjects. 
had participated in the previous experiment. 
experimental 
Two of them 
RESULTS AND DISCUSSION 
Figure 3a shows the visibility as a function of the speed of the grating for three 
subjects: triangle, subject S.S. ; circle, subject H.T.; square, subject T.K. Although 
new subject (S.S.) recorded rather high visibilities, general tendency could be regarded 
as the same for three subjects: the visibility declined with the speed of the grating. 
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Fig. 3. a; The visibility of the barberpole illusion as a function of the speed of the grating for 
three subjects. The triangle, subject S.S.; the circle, subject H.T.; the square, subject 
T.K. b; The visibility of the barberpole illusion as a function of the speed of the grating 
along the aperture; replots of the data of the experiments I and II. The square represents 
the averaged data across three subjects of high contrast condition (.5) in the experiment I. 
The circle represents the averaged data across three subjects in the experiment II. The 
speed of the grating along the aperture was defined as the speed of the grating (2.5°jsec) 
divided by cosine (J (the orientation of the aperture). 
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function of the speed of the motion along the aperture in Fig. 3b. In Fig. 3b, the 
averaged data for high contrast grating in the experiment I are also replotted in the 
same way (square). Both curves show that visibility reduced as the speed of the 
motion along the aperture increased. However, reduction rates of the visibility 
(slopes) were quite different in two experiments: the visibility declined more rapidly 
in the experiment I than in the experiment II. This comparison suggests that 
although the speed of motion was responsible for the visibility of the barberpole 
illusion, the large reduction rate of the visibility in the experiment I cannot be 
attributed only to the speed of motion along the aperture. Rather, it might be fair to 
conclude that the angular relationship was also major and critical factor for the 
barberpole illusion. 
EXPERIMENT III 
The experiment I revealed the fact that the visibilities of the barberpole illusion 
were influenced by the contrast of the grating. This experiment examined the effect 
of the contrast more closely. 
Someone may well think that the contrast effect might reflect an unintended 
artifact of the experiment. Remember the fact that the visibility of low contrast 
stimuli can be reduced by the presence of high contrast stimuli. In fact, in the 
experiment I, the edge of the aperture had a high contrast: approximately 1.0. 
Consequently, the visibility of the low contrast grating must have been suppressed by 
the high contrast edge of the aperture, especially at the border region. If the intersec-
tions of the grating and the aperture were important for the barberpole illusion, low 
contrast grating would cause the low visibilities of this illusion. 
This assumption, however, seems to be incompatible with existence of the interac-
tion between the contrast and the orientation; based on this assumption, we should 
expect two parallel regression lines (the same slope) in the experiment I, since low 
visibility of the grating itself should remain constant irrespective of the orientation of 
the aperture. Considering the existence of interaction, therefore, it is also possible 
that the contrast had indeed influence on the motion integration process in the human 
visual system. 
Two alternative assumptions above may predict different results. The former 
assumption should be led to the prediction that the visibility of the baberpole illusion 
will increase with the contrast of the grating until the intersections of the grating and 
the aperture become clearly visible. Once the contrast of the grating becomes 
sufficient, however, more contrast has little effect on the visibility of the barberpole 
illusion: there must be an early saturation of the contrast effect. On the other hand, 
if there is no such an early saturation, this favors the latter assumption: the contrast 
is responsible for the barberpole illusion. We examine these possibilities by measur-
ing the visibililies as a function of the contrast of the grating. 
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METHODS 
Apparatus, stimuli and procedure: again the equipment and experimental 
procedure were basically the same as those in previous experiments with a few 
exceptions. In this experiment, the visibilities of the barberpole illusion were 
measured as a function of the contrast of the grating. The contrast of the grating was 
varied from .05 to .7 for nine levels. Since the contrast effect was the greatest when 
the orientation of the aperture was 600 in the experiment I, the orientation of the 
aperture was fixed at this orientation so as to produce the contrast effect clearly. The 
speed of the grating was 2.5°/sec. After ten practice trials, six measurements were 
made for each contrast condition in random order. The same three subjects as in the 
experiment II served as subjects. 
RESULTS AND DISCUSSION 
Figure 4 shows the visibility of the barberpole illusion as a function of log 
contrast of the grating for three subjects. All subjects revealed the same tendency 
that the visibility of this illusion increased linearly with log contrast of the grating up 
to .7; clear saturation of the contrast effect could not be found in these data. The 
results suggest that the low visibility of the barberpole illusion in the low contrast 
grating, in the experiment I, can not be attributed all to the unintended artifact that 
high contrast edge of the aperture might suppress the visibility of low contrast grating. 
Thus it should be conduded that the contrast of the grating was indeed responsible for 
the barberpole illusion. 
Before considering possible explanation for contrast effect, it is informative to 
note here the effect of contrast found in previous studies. Adelson and Movshon 
(1981) reported that a superimposed pair of moving gratings appeared as coherent 
when two gratings were of similar and enough high contrasts. When two gratings 
were of different contrasts, they were seen sliding incoherently over each other. 
Interestingly, similar effect of the contrast can be seen in the research of Hildreth 
(1984). She drew a circle with background lines on a white paper and rotated it 
peripherally on a turn table. This stimulus appeared differently depending on the 
condition of the background lines. When the background lines were either of 
different contrast from that of the circle, or were disconnected from the circle, the circle 
remained upright as the background rotated. When the lines were of sufficient 
contrast and intersect the circle, the circle appeared to rotate. 
These findings suggest that the human visual system may integrate the local 
motion vectors together only when they are derived from similar and/or sufficient high 
contrast contours. And it is also suggested that the connectedness of the contours is 
one of important factors for the motion integration. 
Given the assumptions above, it is fairly easy to explain the results of this 
experiment. Remember again that the edge of the aperture had that high contrast. 
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Fig. 4. The visibility of the barberpole illusion as a function of log contrast of the grating for 
three subjects. The circle, subject S.S.; the triangle, subject, T.K.; the square, subject 
H.T. 
When the grating was of low contrast, the visual system poorly integrated the motion 
information from the grating and the aperture since the differece in contrast between 
the grating and the aperture was quite large. This possibly produced the low visibil-
ities of the barberpole illusion at low contrast conditions. As the contrast of the 
grating increased, also the probability increased for the integration of the local motion 
information from the grating and the aperture. Since the contrast of the edge was 
approximately 1.0, it is little wonder that there was no saturation in the effect of the 
contrast up to .7. Considering the importance of connectendness for the motion 
integration, it should be noted that the invisibility of the intersections of grating and 
the aperture at low contrasts could also affect the visibility of the illusion since the low 
contrast grating could be almost regarded as disconnected from the aperture. 
GENERAL DISCUSSION 
Present set of experiments revealed some important factors which affect the 
visibilities of the barberpole illusion. The findings can be summarized as follows: 
The visibility of the barberpole illusion decreased (1) as the orientation of the 
aperture increased - or in other words, as the angle between the grating and the 
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aperture became more acute -, (2) as the speed of the grating became faster, and (3) 
as the difference in contrasts of the grating and the aperture increased. 
These results can not be explained quantitatively by Hildreth's motion integra-
tion scheme simply because her motion scheme does not take these factors into 
consideration. In order to account and prodict the data revealed by present experi-
ments, therefore, her motion integration scheme requires some modification. 
It should be interesting to note here that during preparation for this paper, 
Nakayama and Silverman (1988b) also attempted to modify and improve Hildreth's 
motion integration scheme. Their modification was based on the experimental obser-
vation (1988a), as mentioned previously, that rigid sinewave line undergoing pure 
translation was seen as non-rigid when its sinusoidal amplitude was small. In order 
to explain this perceived non-rigidity, they considered additional constraint for the 
motion integration scheme; they assumed that the human visual system had a ten-
dency to "default" towards the local motion velocity. To incorporate this constraint 
into Hildreth's motion scheme, they added a second term to her equation (1). 
Formally it is expressed as minimizing the following equation: 
(2) 
where c/> represents the absolute angular deviation of the candidate velocity vector 
from the perpendicular local vector, 1 VL 1 is the scalar value of the local vector and 
F[(¢,I T'L I)J is a monotonically increasing function of c/> and 1 VL I· 
Strikingly amazing, the equation (2) seems to predict the general tendency of the 
results obtained in the present experiments. Good prediction of this equation is 
derived from the fact that the second term in equation (2) corresponds exactly with 
two major factors of the barberpole illusion: the orientation of the aperture (¢) and 
the speed of the grating (I VL I). However, there seems to be one problem in equation 
(2). Equation (2) leaves the possibility that the perceived motion may take interme-
diate directions. It should be noted that the subjects' observation denied this possi-
bility. The subjects saw the grating either as moving along the aperture (barberpole 
illusion) or as moving horizontally to the right (orthogonal motion). The motion in 
the intermediate directions was only seen for an instant when one of two major motions 
was replaced by the other. 
Further quantitative data of this illusion and other perceptual phenomena must 
be needed before we formulate properly the motion integration process in the human 
visual system. 
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